Florida is the major winter fresh strawberry supplier for the eastern United States and Canada, with 2,400 ha of fruit production fields primarily in west-central Florida and an annual farm gate revenue of $160 million in 1997-98. In Florida, strawberry plants are grown as an annual crop in a hill plasticulture system (1), which includes preplant soil fumigation with a mixture of methyl bromide and chloropicrin, raised beds with black plastic mulch, and drip irrigation. Bare-root transplants are set during October. Fruit harvest begins in November and may continue until April.
Botrytis fruit rot caused by Botrytis cinerea is the major limiting factor in strawberry production in Florida, causing preharvest losses of up to 15% of the fruit on susceptible cultivars, even with weekly applications of fungicides (7) . Botrytis fruit rot is controlled by a combination of cultural and chemical methods. Although differences in susceptibility to Botrytis fruit rot were observed recently among several commercial cultivars, none were highly resistant (9) . Cultural practices such as the removal of senescent foliage and diseased fruit (11) , use of wider plant spacing (9) , and use of drip irrigation instead of overhead sprinkler irrigation (1, 18) have been used as supplemental measures to improve the control of Botrytis fruit rot. Because climatic conditions during the strawberry growing season in Florida are highly conducive to Botrytis fruit rot epidemics, control of the disease has been reliant largely on fungicides. Weekly application of captan has been a standard practice for the control of Botrytis fruit rot, and captan may be applied up to 24 times during a growing season.
Powdery mildew caused by Sphaerotheca macularis f. sp. fragariae occurs everywhere strawberries are grown. It mainly causes foliar damage, but also can infect fruit, especially on susceptible cultivars (6) . Control of powdery mildew relies on the use of disease-free transplants in annual production systems and applications of protectant or systemic fungicides (8, 10) . Currently, commercial cultivars of strawberry have varying levels of resistance to powdery mildew (12) . Among the two most popular cultivars grown in Florida, Camarosa is highly susceptible to powdery mildew, whereas Sweet Charlie is more resistant to powdery mildew.
Protected culture in greenhouses and plastic tunnels is used widely for strawberry production in other countries (3, 15) .
Plastic tunnels are the predominant strawberry production system used to force early fruit ripening and to protect fruit from unfavorable weather in France, Italy, and Spain (3) . Reductions in the incidence of Botrytis have been observed on tomato and cucumber grown in the greenhouse (4) . The effects of protected culture on Botrytis fruit rot development on strawberry, however, have not been studied extensively (6) . Powdery mildew can be a problem under protected cultures (6, 10) . Jordan and Hunter (6) observed a significantly higher level of powdery mildew on strawberry leaves under colored films than under clear film or glass, although little information is available on powdery mildew development on strawberry fruit in protected culture systems.
Public concerns over pesticide residues on fresh-market commodities led to new restrictions on the use of fungicides on strawberries. Additional regulations may be imposed by the Environmental Protection Agency or other regulatory agencies in the future. Therefore, it is prudent to develop disease management programs that have less of a dependence on fungicides for disease control.
In west-central Florida, frequent rains and long periods of leaf wetness occur during the strawberry growing season (9) . Such weather is highly conducive to Botrytis fruit rot epidemics. There usually are several nights with frost each season, and overhead sprinkler irrigation usually is used to protect plants from freeze damage (1) . Plastic tunnels may provide an alternative means to control Botrytis fruit rot and to protect plants from frost, but this cultural system also may result in more powdery mildew on susceptible cultivars (6, 10) .
The objectives of this study were to compare epidemics of Botrytis fruit rot and powdery mildew on fruit between field and tunnel production systems, evaluate marketable yields of two major cultivars under these two production systems, and evaluate the potential of large plastic tunnels for control of Botrytis fruit rot. A preliminary report has been published (22) .
MATERIALS AND METHODS
Experiments were conducted at the University of Florida Gulf Coast Research and Education Center at Dover, FL, during the 1998-99 and 1999-2000 seasons. Prior to transplanting each season, a 6:2:8 (N-P-K) starter fertilizer was broadcast applied to the ground at 570 kg ha −1 , and beds were raised and fumigated with a mixture of methyl bromide and chloropicrin (98:2, vol:vol) at 400 kg ha dery mildew was determined with the use of a 0 to 5 rating scale in which 0 = no visible symptoms, 1 = less than 10% foliage diseased, 2 = 10 to 25% foliage diseased, 3 = 25 to 50% foliage diseased, 4 = 50 to 75% foliage diseased, and 5 = more than 75% foliage diseased.
Statistical analysis was performed with SAS, release 6.12 (SAS Institute, Cary, NC). Analysis of variance was performed for the cumulative incidence of Botrytis fruit rot and powdery mildew on fruit and marketable yield for the early-period (harvests from the first 8 weeks), late-period (all harvests after the first 8 weeks), and whole-season data. The incidence of Botrytis fruit rot and powdery mildew on fruit were calculated as the percentage of diseased fruit in the total number of fruit harvested during a period. Incidence data were arcsine-square root transformed prior to analysis. Marketable yield was cumulative from all harvests during each period. Where the interactions of main plot and subplot were significant, analysis of variance also was performed separately for each main plot (field and tunnel). Mean comparisons were made with Fisher's protected least significant difference test (P ≤ 0.05). The incidence of Botrytis fruit and powdery mildew fruit were calculated from two harvests each week. Weekly disease incidence was plotted against time (harvest week) to compare disease progress curves between treatments. Analysis of variance also was performed on the foliar severity of powdery mildew.
RESULTS
Botrytis fruit rot. Botrytis fruit rot epidemics were severe in the field but not in tunnels during both seasons (Figs. 1 and 2). Cultural systems significantly affected the development of Botrytis fruit rot during early-, late-, and whole-season periods in 1998-99 and 1999-2000 (Table 1 ). In the field, the incidence of Botrytis fruit rot during all three periods ranged from 1.5 to 2.6% on Camarosa and 5.9 to 9.2% on Sweet Charlie in 1998-99, and 2.7 to 4.3% on Camarosa and 16.5 to 18.8% on Sweet Charlie in 1999-2000 (Table 2 ). In tunnels, the incidence of Botrytis fruit rot was less than 1 and 2% in 1998-99 and 1999-2000, respectively.
Cultivars and the interaction of cultural systems and cultivars significantly affected the incidence of Botrytis fruit rot during early-, late-, and whole-season periods in both seasons, indicating that cultivar effects on Botrytis fruit rot depend on the cultural system (Tables 1 and 2 ). The incidence of Botrytis fruit rot in the field was significantly higher on Sweet Charlie than on Camarosa during all three periods in both seasons. In contrast, the incidence of the disease in tunnels was not significantly different between cultivars, except during the late-and whole-season periods in 1999-2000. The incidence of Botrytis fruit rot on Sweet Charlie in tunnels was reduced by 97, 93, and 94% in 1998-99, and 95, 90, and 91% in 1999-2000 compared with those in the field for the early-, late-, and whole-season periods, respectively. The incidence of Botrytis fruit rot on Camarosa in tunnels also was reduced by 57 to 90% compared with those in the field during all three periods (Table 2) .
There were no significant differences in the incidence of Botrytis fruit rot between the 7-and 14-day captan schedules during the early-, late-, and whole-season periods in the field and tunnels in 1998-99 (Table  2 ). In 1999-2000, the incidence of Botrytis fruit rot was significantly lower in the 7-day captan schedule than in the untreated control during the early period in the field and during the late-and whole-season periods in tunnels. The incidence of Botrytis fruit rot in the untreated control in tunnels was reduced by 89% compared with the 7-day captan schedule in the field.
Powdery mildew. Severe epidemics of powdery mildew developed only in tunnels during both seasons (Figs. 1 and 2) . The cultural system, cultivar, and cultural system-cultivar interaction significantly affected the incidence of powdery mildew on u Early period is the first 8 weeks of harvests, late period is for all harvests after the first 8 weeks of each season, and whole season includes all harvests of that season. v Botrytis fruit rot incidence values are expressed as the percentage of fruit harvested with Botrytis rot in the total fruit harvested during the period. w Means followed by the same letter within a column in each section are not significantly different as determined by Fishers protected least significant difference test (P ≤ 0.05). x Powdery mildew incidence values are expressed as the percentage of fruit harvested with powdery mildew in the total fruit harvested during the period. y Captan treatment included two spray programs, with 7-and 14-day schedules at 3.3 kg of active ingredient ha −1 in the 1998-99 season. In the [1999] [2000] season, the captan treatments were changed to include the 7-day schedule and an untreated control. z ND = not determined.
fruit during the early-, late-, and wholeseason periods in both seasons (Table 1) . Tunnel culture was conducive to the development of powdery mildew on fruit. The incidence of powdery mildew on Camarosa fruit was 12.8 to 16.7% in 1998-99 and 6.2 to 16.6% in 1999-2000 in tunnels during all three periods. Additionally, it was 141-, 8-, and 10-fold higher in tunnels than in the field in 1998-99 and 41-, 6-, and 11-fold higher in tunnels than in the field in 1999-2000 for the early-, late-, and whole-season periods, respectively (Table  2) . Sweet Charlie had a consistently lower incidence of powdery mildew (0 to 2.3%) than Camarosa in the field and tunnels in both seasons, except during the early period in the field (Table 2 ). Captan schedules did not affect the incidence of powdery mildew on fruit, except during the early period in the field, and in the whole-season period in tunnels in 1999-2000, when the incidence of powdery mildew on fruit was significantly higher with the 7-day captan schedule than in the untreated control ( Table 2) .
The foliar severity of powdery mildew was assessed for both seasons. Analysis of variance indicated that the foliar severity of powdery mildew differed between the field and tunnels in 1998-99 (P = 0.0538) and 1999-2000 (P = 0.0891) and that the cultivar and cultural system-cultivar interaction significantly affected the foliar severity (Table 3 ). The foliar severity of powdery mildew was significantly higher on Camarosa than on Sweet Charlie in both seasons, except there was no significant difference in foliar severity of powdery mildew between the two cultivars in tunnels in 1999-2000.
Marketable yield. Significant differences in marketable yield between strawberries treated on the field or tunnels (P = 0.0315) occurred during the early period in 1998-99 (Table 1 ). Yield differences also were evident (P = 0.0993) between cultural systems during the late period in 1999-2000. Marketable yields were significantly different between cultivars during early-, late-, and whole-season periods in both seasons, except during the early period in 1998-99 (Tables 1 and 2 ). Significant cultural system-cultivar interactions occurred during all three periods in both seasons, indicating that yield differences resulting from disease depend upon cultural systems. The yield of Sweet Charlie in tunnels during the early period increased 35 and 24% compared with the field in 1998-99 and 1999-2000, respectively. The yield of Camarosa in tunnels during the early period, however, decreased 19 and 11% compared with the field in 1998-99 and 1999-2000, respectively (Table 2) .
Marketable yield differences between the 7-and 14-day captan schedules were not significant in the field and tunnels in 1998-99. In 1999-2000, the yields of fungicide-treated plants in the late-and wholeseason periods were significantly higher than those of the untreated plants. The early-season yield of plants in tunnels, however, was not affected significantly by fungicide treatment. Additionally, the yield from plants grown in the open field was not affected by fungicide treatment, regardless of the harvest period ( Table 2) .
Microclimate. Temperature, relative humidity, leaf-wetness duration, and precipitation in the field and tunnel from the 1998-99 season are illustrated in Figures 3  and 4 . Because of equipment failure, leafwetness duration data in tunnels were not available for the second season. Shorter leaf-wetness periods and higher temperatures were associated with the tunnel compared with the field. In 1998-99, during the early period (weather data recorded 5 November, 1998, to 22 January, 1999), there were 77 days, with an average of 12.9 h of dew in the field. In contrast, there were only 30 days, with an average of 4.5 h of dew in the tunnel. The average temperatures were 19.3 and 20.4°C, and the average relative humidities were 85.8 and 78.9% in the field and tunnel, respectively. During the late period (weather data recorded 23 January, 1999, to 29 March, 1999), there were 67 days with an average of 11.7 h of dew in the field compared with 26 days with an average of 5.2 h of dew in the tunnel. The average temperatures were 18.2 and 19.7°C, and the average relative humidities were 78.5 and 70.8% in the field and tunnel, respectively. In the field, there was 16.3 and 14.2 cm of rainfall during the early and late periods, respectively. In 1999-2000, the weather differences between the tunnel and field were similar to those in 1998-99 (data not shown).
DISCUSSION
In this study, we observed much less Botrytis fruit rot in the tunnels than in the field, especially on Sweet Charlie, a highly susceptible cultivar. The early-season yield was higher in tunnels than in the field only for Sweet Charlie.
This study is part of our efforts to develop alternative production systems or modify cultural practices for Botrytis fruit rot control. Wider within-row plant spacing has been shown to reduce Botrytis fruit rot by 26 to 42% compared with narrower spacings (9) , and the removal of senescent foliage slightly reduced Botrytis fruit rot (11) . These methods can supplement chemical control but are ineffective to replace fungicides to control Botrytis fruit rot. The present study documents the successful control of Botrytis fruit rot with large plastic tunnels as an alternative production system. Tunnel culture provides better control of Botrytis fruit rot than the conventional production system, i.e., an open field with standard fungicide applications. Thus, it has the potential to serve as a nonchemical alternative for the control of Botrytis fruit rot.
The dramatic reduction of Botrytis fruit rot in tunnels can be attributed to a few possible mechanisms. Shorter periods of leaf wetness were associated consistently with the tunnel compared with the field. The frequency of days with leaf wetness was over 60% less in the tunnel than in the field in 1998-99. The infection of flower and fruit by B. cinerea and subsequent sporulation are favored by extended periods of leaf wetness (2, 17, 19, 20, 21) . The incidence of infection by conidia of B. cinerea at 15 to 25°C increases from near zero to 90% as the leaf-wetness duration increases from 6 to 24 h (19) . Therefore, shorter periods of leaf wetness inside tunnels would reduce fruit infection by B. cinerea.
Conidia of B. cinerea are dispersed mainly by splashing rain and wind (19) . Precipitation plays an important role in spore production and the dispersal of many pathogens, including B. cinerea. Frequent rains during the strawberry fruiting season would increase the splash dispersal of inoculum, resulting in more infections on fruit in the field than in the tunnel (19) . Inside tunnels, plants were protected from rain and splash dispersal of inoculum.
Reduced light intensity in tunnels also might affect B. cinerea infection and spore production. Films absorbing near-UV radiation reduce spore production in vitro for B. cinerea and other pathogens (13) and provide a reduction in the incidence of Botrytis on tomato and cucumber grown in the greenhouse (4) . The film used in the present study was a clear UV-absorbing film. Thus, it is possible that the infection y Foliar severity of powdery mildew was determined by a 0-5 rating scale in which 0 = no visible symptom, 1 = less than 10% foliage diseased, 2 = 10 to 25% foliage diseased, 3 = 25-50% foliage diseased, 4 = 50-75% foliage diseased, and 5 = more than 75% foliage diseased. z Means followed by the same letter within a column in each section are not significantly different as determined by Fishers protected least significant difference test (P < 0.05).
and sporulation of B. cinerea was inhibited in tunnels. In 1998-99, the 7-day captan schedule did not provide additional control of Botrytis fruit rot compared with the 14-day captan schedule in the field or tunnels. This might be the result of the relatively low disease pressure in the field in 1998-99. When disease pressure is low, small treatment effects are more difficult to separate. Because very low levels of Botrytis fruit rot developed inside the tunnels in 1998-99, only the 7-day captan schedule and an untreated control were evaluated in 1999-2000. Even though the 7-day captan schedule significantly reduced the incidence of Botrytis in tunnels, the disease level was less than 2% in the untreated control. Thus, there seems to be no need to use fungicide to control Botrytis in tunnel systems. In 1999-2000, the 7-day captan schedule provided control of Botrytis during the early period in the field and the late period in tunnels but not the early period in tunnels and the late period in the field. The lack of differences in the incidence of Botrytis fruit rot observed between the 7-day captan schedule and the untreated control during the early period in the tunnels might be the result of very low levels of disease. The cause for the failure of disease control during the late period in the field is uncertain. One possible explanation is that increased rainfall during that period in the field may have reduced fungicide residues.
The development of powdery mildew is favored by low light intensity, moderate to high relative humidity without free moisture, and temperatures of approximately 15 to 27°C (5, 10, 12, 14) . In both seasons, environmental conditions in tunnels favored powdery mildew development, except at the end of the season (March) when temperatures apparently became too high. Surprisingly, the difference in the foliar severity of powdery mildew between the field and tunnels was not significant. In contrast, the incidence of powdery mildew on fruit was much higher in tunnels than in the field. The conditions required for fruit and leaf infection might be different. Powdery mildew can be a limiting factor for strawberry fruit production in tunnels, although effective organic products such as sulfur or other labeled fungicides can provide good control of powdery mildew (8) or resistant cultivars such as Sweet Charlie, which in turn may reduce or eliminate the reliance on fungicides for powdery mildew control in tunnels.
High early-season marketable yields are very important to the profitability of producing strawberries because the market value of fruit in December and January can be four to five times greater than the market value later in the season. Temperature is an important factor affecting early production (18) , and the higher early-season yield might be attributed to elevated temperatures in tunnels. Early-season production also depends upon the flowering and fruiting patterns of individual cultivars and their interactions with the environment. Sweet Charlie produces fruit earlier than Camarosa. In tunnels, a 24 to 35% increase of early production was observed on Sweet Charlie compared with the field. No marketable yield differences were observed between the 7-and 14-day captan schedules in 1998-99 and between the 7-day captan schedule and the untreated control during the early period in 1999-2000. This could be the result of a lack of differences in Botrytis fruit rot incidence among fungicide treatments during the corresponding periods.
In Florida, a calendar-based fungicide spray program with weekly applications of captan is the standard practice for commercial strawberry production. Such a program costs approximately $1,400/ha (16) . Even with standard fungicide applications, Botrytis fruit rot can still cause 10 to 15% losses of marketable yield on highly susceptible cultivars such as Sweet Charlie (7, 9) . In this study, tunnel culture reduced the incidence of Botrytis fruit rot to less than 2%, without fungicides. Thus, in addition to saving costs on fungicides, the use of tunnel culture could increase marketable yield compared with the standard conventional production system. During these experiments, yields of Sweet Charlie were 8 to 13% higher in tunnels than in the field, which adds up to $2,000 to $3,250/ha in farm gate revenue. The cost of building plastic tunnels with a metal frame is approximately $28,000/ha, but the plastic cover can be used for 2 to 3 years and then replaced at a cost of $8,000/ha. Apparently, the economic feasibility of tunnel production in Florida is questionable as a result of high start-up costs. Additional restrictions on fungicide use as a result of food safety concerns and the reduced availability of water for freeze protection in the region may force changes in production practices in Florida, which could make tunnel culture an attractive alternative.
